However, in parallel to the approaches advocated by HuGE, genetic epidemiology can lead to a more robust understanding of environmental determinants of disease (e.g. dietary factors, occupational exposures, and health-related behaviours) relevant to whole populations (and not simply to genetically susceptible subpopulations). [7] [8] [9] [10] This approach has recently been referred to as 'Mendelian randomization'. [11] [12] [13] [14] [15] Here we begin by briefly reviewing reasons for current concerns about aetiological findings generated by conventional observational epidemiology and then we outline the potential contribution (and limitations) of Mendelian randomization.
Observational epidemiology: yet more residually confounded associations of no causal significance?
Over the last decade several severe indictments of epidemiology have appeared, with the major thrust being that spurious nonreplicable and non-causal findings are produced and sometimes widely disseminated. [16] [17] [18] [19] [20] The most salient examples come from situations in which observational epidemiological studies have highlighted an apparently substantial causal association that has later failed to be confirmed in large-scale randomized controlled trials (RCT). An important example of this is the contradictory set of findings regarding the association between the antioxidant vitamin β-carotene and smoking-related cancers.
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'Mendelian randomization': can genetic epidemiology contribute to understanding environmental determinants of disease?*
George Davey Smith and Shah Ebrahim
Associations between modifiable exposures and disease seen in observational epidemiology are sometimes confounded and thus misleading, despite our best efforts to improve the design and analysis of studies. Mendelian randomization-the random assortment of genes from parents to offspring that occurs during gamete formation and conception-provides one method for assessing the causal nature of some environmental exposures. The association between a disease and a polymorphism that mimics the biological link between a proposed exposure and disease is not generally susceptible to the reverse causation or confounding that may distort interpretations of conventional observational studies. Several examples where the phenotypic effects of polymorphisms are well documented provide encouraging evidence of the explanatory power of Mendelian randomization and are described. The limitations of the approach include confounding by polymorphisms in linkage disequilibrium with the polymorphism under study, that polymorphisms may have several phenotypic effects associated with disease, the lack of suitable polymorphisms for studying modifiable exposures of interest, and canalization-the buffering of the effects of genetic variation during development. Nevertheless, Mendelian randomization provides new opportunities to test causality and demonstrates how investment in the human genome project may contribute to understanding and preventing the adverse effects on human health of modifiable exposures.
Early enthusiasm that risk of smoking-related cancers might be reduced by increased dietary β-carotene 21, 22 was muted by RCT evidence ruling out any meaningful reduction in lung cancer among those receiving β-carotene treatment. [23] [24] [25] This is not an isolated example. The association between Vitamin E and coronary heart disease (CHD) found in observational studies was not supported by the results of RCTs. 26 Furthermore, a strong observational inverse association between plasma vitamin C levels and CHD mortality 27 was rendered implausible by a subsequent large RCT of a vitamin supplement that raised plasma vitamin C levels substantially, but left 5-year CHD mortality unchanged. In this case the range of plasma vitamin C levels in the observational study and the change introduced by supplementation were similar, yet the outcomes of observation and experiment were very different ( Figure 1 ). 28 The results from robust experiment and fallible observation were clearly not compatible. However, the domains in which such comparisons can be made are limited, as it may not be feasible to use RCTs to evaluate some exposures, such as physical activity and complex aspects of nutrition.
Indiscriminate epidemiological data-dredging may be responsible for some spurious epidemiological findings, but this is unlikely to be the main contributor. 15 By far the most likely cause is confounding-where one factor that is not itself causally related to disease is associated with a range of other factors that do change disease risk. Associations reported in observational studies but not confirmed in RCTs tend to be between exposures and diseases that are related to socioeconomic position, behavioural factors, and health service utilization. For example, people with high antioxidant vitamin intakes and plasma levels tend to differ in a range of other characteristics that are themselves related to disease risk. In this case, biologically plausible hypotheses are no safeguard against spurious association, 29 and standard statistical techniques used to 'control' for confounding are fallible, given the limited range of confounders measured in many studies, and the inevitable and substantial degree of measurement error in assessing both the exposure and the potential confounders. 30, 31 A variety of approaches can be adopted to reduce the risk of being misled by observational studies. Better control for confounding requires a range of modifications in study design and analysis. As confounding structures can differ between study populations, replication of findings in a range of databases gives some limited protection against being deceived by confounding. Specificity of disease-exposure associations may also be helpful, as most diseases have only a finite (and probably limited) number of final causes. 32 When exposures are related with a wide variety of outcomes it is likely that confounding by socially patterned behavioural and environmental factors is at play. In such cases it is instructive to investigate associations between the exposure and outcomes with which it is implausibly causally linked, such as associations of antioxidant vitamin levels with injury mortality, or hormone replacement therapy use with accidental death. 33 Other approaches include improving study design by measuring confounders better and thus allowing for a greater degree of statistical control. This may require carrying out more measurements on a smaller number of study participants, 31 as Andrew Phillips discusses in this issue of the IJE. 34 Sensitivity analyses can be carried out to model the degree to which measurement error in confounders could have left residual confounding, 35, 36 and should be a necessary part of the statistical reporting of study results. Finally, the findings from observational studies of individuals should be related to the differences in disease risk observed between populations, and within populations over time, as only those exposures which fit coherently into this scheme are likely to be important determinants of disease. 37 An additional way of increasing the robustness of findings of observational studies is to utilize certain aspects of associations with genetic disease risk. In the remainder of this paper we will discuss ways in which genetic epidemiology can contribute to understanding cause and effect in health sciences. We will start with an illustration from the field of evaluation of health care, which is of interest both because of the ingenuity displayed in its formulation and because it was apparently the first use of the term 'Mendelian randomization' in the medical literature. The main part of the article will then cover the use of Mendelian randomization, in the manner this term has been adopted by some previous authors to indicate the use of genetic associations to elucidate modifiable environmental contributions to disease causation. 11, 14 The concept of Mendelian randomization
The term 'Mendelian randomization' was apparently first used to describe an inspired method for evaluating the effectiveness of allogenic sibling bone marrow transplantation in the treatment of acute myeloid leukaemia (AML), 38 Estimates of the effects of an increase of 15.7 µmol/l plasma vitamin C on coronary heart disease 5-year mortality estimated from observational epidemiological EPIC study 27 and randomized controlled Heart Protection Study. 28 (EPIC m = men, age-adjusted; EPIC m* = men, adjusted for systolic blood pressure, cholesterol, body mass index, smoking, diabetes, and vitamin supplement use; EPIC w = women, age-adjusted; EPIC w* = women, adjusted for systolic blood pressure, cholesterol, body mass index, smoking, diabetes, and vitamin supplement use) been carried out with this design, [39] [40] [41] [42] [43] as we describe in Box 3. It is not, however, essential to understand the particulars of this design to interpret the use of Mendelian randomization within aetiological epidemiology.
The approach to Mendelian randomization that we focus on in this paper utilizes what is sometimes called Mendel's second law within an epidemiological setting. This law-the law of random assortment-states, in Mendel's words, that 'the behaviour of each pair of differentiating characteristics in hybrid union is independent of the other differences between the two original plants, and, further, the hybrid produces just so many kinds of egg and pollen cells as there are possible constant combination forms'. 44 Put simply, this suggests that the inheritance of one trait is independent of the inheritance of other traits.
Conventional genetic epidemiology investigates the association between genetic and phenotype variation within a population, to elucidate the genetic basis of the phenotype or to characterize gene function. In such studies genetic variation is assessed using markers, often single nucleotide polymorphisms (SNPs), and the informative markers are those that show sufficient variation within a population and are of high enough prevalence to allow meaningful comparisons to be made. But it is also possible to exploit the random assignment of genes as a means of reducing confounding in examining exposure-disease associations: this is Mendelian randomization in the epidemiological context.
The use of the terms loci, alleles, genes, genotype, and polymorphisms has evolved since Mendel's use of 'differentiating characteristics', and conventions in usage differ between human and animal geneticists, which adds to confusion. 45, 46 For clarity, these terms are defined (Box 4, Figure 2) . Briefly, the genotype of an individual refers to the two alleles inherited at a specific
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Box 3
Mendelian randomization and the evaluation of allogenic human leukocyte antigen (HLA)-matched sibling bone marrow transplant Randomized controlled trials (RCTs) appear to be the only way to ensure that the comparison of transplanted patients and non-transplanted patients is unbiased, since disease stage, general fitness, and overall clinical evaluation are likely to influence treatment allocation. 38 It is unlikely that adequate RCTs comparing allogenic bone marrow transplantation with no transplantation (i.e. chemotherapy alone) will ever be carried out. Comparisons between patients with an HLA-compatible sibling donor (and therefore capable of receiving a matched sib allogenic bone marrow transplant) and patients without such a donor (and therefore incapable of receiving a matched sib allogenic bone marrow transplant) could be made. The presence or absence of an HLA-compatible sibling donor is determined by random assortment of genes at the time of gamete formation and conception and thus produces, effectively, a randomized comparison. Furthermore, belonging to the group with an HLA-compatible donor and the group without such a donor will not be related to potential confounding factors such as disease stage at presentation, general fitness, or selection effects by the treating physician. It is necessary to compare all the patients with an HLA-compatible donor with all the patients without such a donor-independently of whether or not the patients with a donor receive a transplant -in a form of intention-to-treat analysis (Figure below) . Several studies have now been carried out with this design, [39] [40] [41] and it has also been applied to acute lymphoblastic leukaemia. 42, 43 In some of these studies the basic principle that there is no confounding in the potential donor versus no potential donor comparisons has been empirically established, [40] [41] [42] [43] and it can also be seen that there are differences in prognostic factors between groups defined by the treatments received, 41, 43 which would confound a conventional observational analysis comparing treatment modalities. The basic design would be improved by matching on the number of siblings a patient has, since patients with more siblings will have a greater chance of having an HLA-compatible donor and it is conceivable that number of siblings could itself be related to disease progression and survival rates. One study has moved in this direction by performing an analysis among patients with at least one sibling, 41 although exact matching on number of siblings would be the most robust approach.
Box 4 A glossary of genetic terms
• alleles are the variant forms detectable at a locus • canalization is the process by which potentially disruptive influences on normal development from genetic (and environmental) variations are damped or buffered by compensatory developmental processes • a gene comprises a DNA sequence, including introns, exons, and regulatory regions, related to transcription of a given RNA • genotype of an individual refers to the two alleles inherited at a specific locus-if the alleles are the same, the genotype is homozygous, if different, heterozygous • a haplotype is the set of alleles present at a series of linked loci on a chromosome; a person has two haplotypes for any such series of loci, one inherited maternally and the other paternally • linkage disequilibrium is the association between alleles at different loci within the population. Linkage disequilibrium can exist because alleles are physically close together and tend to be co-inherited, or because they occur together for reasons of population origin in subsections of an overall population and therefore demonstrate a statistical association within the overall population • a locus is the position in a DNA sequence and may be used to refer to a single nucleotide polymorphism (SNP), or to larger regions of DNA sequence • a marker is a segment of DNA with an identifiable physical location on a chromosome, whose inheritance can be followed and can be assayed in genetic association studies. In such studies, markers are of interest if they are linked to polymorphisms with functional significance. A marker can be a gene, an SNP or a section of DNA with no known function • a mutation is a permanent structural alteration in DNA or the process by which a DNA sequence is altered • pleiotropy is the potential for polymorphisms to have more than one specific phenotypic effect • polymorphism is the existence of two or more variants at a locus. Conventionally, the prevalence in the population should be above 1% to be referred to as a polymorphism; if prevalence is below this, variants are referred to as mutations • population stratification is an example of confounding in which the co-existence of different disease rates and allele frequencies within population sub-sections lead to an association between the two at a whole population level locus-if the alleles are the same, the genotype is homozygous, if different, heterozygous. A polymorphism is the existence of two or more variants (e.g. SNPs) at a locus. [45] [46] [47] The basic idea is that, if such polymorphisms produce phenotypic differences that mirror the biological effects of modifiable environmental exposures which in turn alter disease risk, the different polymorphisms should themselves be related to disease risk to the extent predicted by their influence on the phenotype. Common polymorphisms that have a well-characterized biological function can therefore be utilized to study the effect of a suspected exposure on disease risk. One key point is that the distribution of such polymorphisms is largely unrelated to the sorts of confounders-socioeconomic or behavioural-that were identified above as having distorted interpretations of findings from observational epidemiological studies. Two types of polymorphism with a functional consequence can be distinguished. First, they may have a regulatory influence, that would modify the level of the product coded for by a gene. In the examples given below the β-fibrinogen polymorphism we discuss is of this type, with its influence being on plasma fibrinogen level. Second, polymorphisms that influence the structure (and function) of gene products can also be studied. Many of the metabolic polymorphisms discussed below are of this kind. In these cases interpretation is somewhat more complex than when the factor of interest is, for example, the plasma level of the gene product.
The basis of Mendelian randomization is most clearly seen in parent-offspring designs that study the way phenotype and alleles co-segregate during transmission from parents to offspring. 48, 49 In matings in which at least one parent is heterozygous at a polymorphic locus, the frequency with which one of the two alleles from a heterozygous parent is transmitted to an offspring with a particular disease or phenotypic characteristic can be evaluated. If there is no association between allelic form and the disease or phenotypic characteristic, each of the two alleles from the heterozygous parent has a 50% probability of being transmitted to the offspring. A shift from this 50/50 ratio indicates an association between disease or phenotypic characteristic and the alleles at this locus ( Figure 3 ). This study design is closely analogous to that of RCTs as by Mendelian principles there should be an equal probability of either allele being randomly transmitted to the offspring. Such studies may be difficult to carry out however, both because of problems in obtaining data from parents and offspring (particularly when parents may be dead) and because they generally have lower statistical power than case-control studies carried out within whole populations, rather than within families. 50 Of course populations share much common ancestry and the genetic make-up of individuals can be traced back through the random segregation of alleles during a sequence of matings, but associating genetic markers with disease risk or phenotype within such populations is not as well protected against potential distorting factors as are parent-offspring comparisons. Thus the Mendelian randomization in genetic association studies is approximate, rather than absolute.
Mendelian randomization-applications in observational epidemiological studies Martijn Katan was an early exponent of what has since become termed Mendelian randomization. 7 He was concerned with observational studies suggesting that low serum cholesterol levels were associated with an increased risk of cancer. 51 This association might be explained by the early stages of cancer resulting in lower cholesterol levels-reverse causality-or by confounding factors (such as cigarette smoking) related both to future cancer risk and to lower circulating cholesterol. 52 Katan pointed out that polymorphic forms of the apolipoprotein E (APOE) gene were related to different levels of serum cholesterol. If low circulating cholesterol levels were indeed a causal risk factor for cancer, then individuals with the genotype associated with low cholesterol would be expected to have higher cancer risk. If, however, reverse causation or confounding generated the association between low cholesterol and cancer, then no association would be expected between APOE genotype and cancer. Individuals with lower cholesterol because of their genotype, rather than because clinically unrecognized cancers had lowered their cholesterol, would not have a higher risk of cancer; nor would there be substantial confounding between genotype-associated differences in cholesterol and lifestyle or socioeconomic factors. While Katan did not have any data on this, he advocated it as a study design. To our knowledge this intriguing suggestion has not been systematically investigated with respect to the important question Katan posed, although sporadic reports relating APOE to risk of specific cancers have appeared. [53] [54] [55] The easiest way to understand how epidemiological studies can utilize Mendelian randomization is to consider particular examples of how the principles can be applied to practical issues in aetiological epidemiology. We discuss several such examples, before concluding the paper by considering the limitations of Mendelian randomization.
Examples of Mendelian randomization: triangulation of genotype and phenotype associations with disease risk Folate, homocysteine, and coronary heart disease The association of the amino acid homocysteine with CHD has generated much interest. Observational studies have consistently demonstrated that higher plasma homocysteine level is associated with an increased CHD risk. 56 This in itself may not be of interest to environmentally minded epidemiologists, but RCTs have shown that a moderate increase in folate consumption can substantially decrease homocysteine levels. 57 Therefore if the association between homocysteine and CHD is causal the population intervention of increasing folate intake could lead to worthwhile decreases in CHD risk. However, homocysteine-CHD associations may be confounded in a variety of ways-in some studies homocysteine levels are higher in smokers or people from less favourable socioeconomic backgrounds, and existing atherosclerosis could itself increase homocysteine levels, which would automatically lead to a positive association between homocysteine and subsequent CHD. 58, 59 The phenomenon of reverse causality could explain the different estimates of the strength of the homocysteine-CHD association derived from cohort studies and case-control studies; with stronger associations being seen in case-control studies which are more prone to being biased by existing disease influencing the exposure measure. 60 Despite promising results from preliminary small RCTs of folate supplementation which have examined proxy endpoints, 61-63 current evidence is largely based on observational epidemiological studies that suffer from the limitations discussed above.
In the absence of a definitive folate trial, how can we obtain more robust evidence of whether the links between folate, homocysteine, and CHD are causal? Does raised homocysteine cause CHD and is folate supplementation a good candidate for an intervention that will reduce the risk of CHD? Here functional genomics and genetic epidemiology can come together in an example of Mendelian randomization. 13 The metabolic pathways involving folate and homocysteine are reasonably well understood ( Figure 4) . A functional polymorphism of the gene encoding for the enzyme methylene tetrahydrofolate reductase (MTHFR)-the thermolabile variant MTHFR 677C→T-involving a C-to-T substitution at base 677 of the gene-results in reduced enzyme activity. The enzyme is involved in the conversion of 5,10-methylene tetrahydrofolate (derived from dietary folate) to 5-methyl tetrahydrofolate, which is in turn involved in the conversion of homocysteine to methionine, and people with this polymorphism have higher levels of homocysteine. This genetic variant therefore mimics low dietary folate intake, which is known to result in higher homocysteine levels. Individuals who are homozygous (i.e. both alleles have the 677C→T substitution) for the thermolabile variant (denoted by TT, indicating possession of both TT alleles at the relevant locus) have homocysteine levels 2.6 µmol/l higher on average than individuals homozygous for the more common CC allele. 64 Thus the individuals with TT genotype are exposed to higher levels of homocysteine and-if homocysteine is a causal factor -they should be at higher risk of CHD than CC individuals. Since this exposure comparison is based upon genotype-with essentially random assortment of alleles at the time of gamete production and fertilization as indicated by Mendel's Second Law-there is little possibility of confounding. Individuals with higher homocysteine because they have TT genotype should be no more likely to be smokers, of lower social class and with more homocysteine-unrelated pre-existing disease than individuals with CC genotype. New data giving an empirical demonstration of this lack of association between genotype and confounding factors, but of strong associations between the same confounders and plasma homocysteine, are presented in Table 1 .
Two systematic reviews recently appeared in the same issue of the Journal of the American Medical Association: one an individualparticipant based meta-analysis of studies of homocysteine and CHD; 65 the other a meta-analysis of studies that have related MTHFR genotype to CHD risk. 66 In the meta-analysis of the observational studies, the association between homocysteine and CHD was such that 2.6 µmol/l higher homocysteine was associated with a relative risk (RR) of CHD of 1.13 (95% CI: 1.08-1.19). But it should be remembered that this association between circulating levels of homocysteine and CHD could be confounded, or due to reverse causation. This is not the case with the elevated homocysteine generated among individuals with TT compared with CC MTHFR genotype. In the meta-analysis of the studies relating MTHFR genotype to CHD risk, TT individuals experienced a risk of 1.16 (95% CI: 1.05-1.28) compared with CC individuals. This RR is related to a 2.6 µmol/l higher homocysteine level, since this is the difference in homocysteine between genotypes. This is the same difference in homocysteine as we have used for the presentation of the results from the meta-analysis of studies relating measured homocysteine levels to CHD risk. Thus, the two RR estimatesfrom measuring plasma homocysteine in observational studies and relating this to CHD risk, and from assaying MTHFR genotype and using the association between this and both homocysteine level and CHD to predict the strength of the homocysteine-CHD association-are similar. While an association found in observational studies measuring homocysteine and CHD risk might be confounded by behavioural and socioeconomic factors, or influenced by reverse causation, associations between homocysteine and CHD risk estimated via the MTHFR genotype studies are not. Indeed, health behaviours cannot determine MTHFR genotype, although it is possible that the thermolabile variant MTHFR might be associated with polymorphic variants of loci determining health behaviours, such as smoking, or influencing physiological factors such as blood pressure, thereby resulting in confounding. However, some of the studies included in the meta-analysis measured an extensive array of potential confounders and found no association with MTHFR genotype, as we also demonstrate in Table 1 . In line with this, adjustment for these potential confounders did not attenuate the genotype-CHD associations, suggesting that the observations are trustworthy.
The observational studies measuring plasma homocysteine level and relating this to CHD risk should produce effect estimates that are lower than the true association between usual level of homocysteine and CHD, because there will be measurement error in the single measures of homocysteine: either laboratory error, or (with the same effect on the strength of association between measured homocysteine and CHD), because within any individual their homocysteine levels change over time and a single measure is not a precise indicator of usual level of homocysteine. 67 Studies in which homocysteine was measured on repeat occasions were used to quantify the degree of measurement imprecision, and this was in turn used to correct the strength of association between homocysteine and CHD in the meta-analysis of observational studies. The adjusted RR relating 'usual' homocysteine level to CHD was 1.17 (95% CI: 1.10-1.25). This is even closer to the effect estimate from the MTHFR studies, which is to be expected because in the MTHFR studies genotype will be related to usual level of homocysteine rather than to a single level at a particular time. Thus the findings of genetic association studies can give evidence of associations neither confounded by the usual lifestyle and socioeconomic factors, nor diluted by measurement error. Such evidence gives a truer picture of the aetiological importance of the exposure and the potential health gains through interventions that modify its level.
Mendelian randomization allows genetic epidemiology to make direct contributions to the understanding of environmental determinants of disease beyond the essentially nominal incantation of the term 'environment' (as in 'gene-environment interaction'). However, when investigating effects of functional polymorphisms it is possible that effects will differ by environmental exposure, and there is some evidence that the association between MTHFR genotype and CHD may differ according to folate status, as may the association between genotype and homocysteine level. 66 However, the important message is that the association of the MTHFR genotype and CHD risk does not indicate that genetic screening is merited-the RR associated with MTHFR genotype is small and such screening would be a very inefficient way of detecting a group at high risk of CHD. The triangulation of the associations between genotype, homocysteine, and CHD risk provides robust evidence of a general causal effect of homocysteine on CHD risk, and therefore of a protective effect of folate, that would be experienced by the whole population, independent of their genotype.
Maternal folate and neural tube defects
A second example relates to the same polymorphism, but with a different disease outcome and mechanism. It is now widely 68 This pattern of associations suggests that it is the intra-uterine environment-influenced by maternal TT genotype-rather than the genotype of offspring that is related to disease risk (see Figure 5 ). This is consistent with the hypothesis that maternal folate intake is the exposure of importance. There is some evidence that maternal homocysteine level may be the key mediating variable, 72 although other data suggest that alternative pathways link folate to NTD risk in offspring. 73 However, the elevated homocysteine levels among people who possess the TT genotype provide a biological marker that can be translated into an equivalent difference in folate status. Thus MTHFR TT mothers have on average 2.6 µmol/l higher plasma homocysteine 64 and also a RR of 2.04 of having an offspring with an NTD. A 2.6-µmol/l lower plasma homocysteine therefore would predict a halving in the risk of having an offspring with an NTD (RR = 1/2.04, i.e. 0.49). Folate supplementation reduces homocysteine by 25% in Western populations. 58 The degree to which homocysteine is lowered depends upon pre-treatment blood homocysteine concentrations (greater lowering at higher concentrations) and pre-treatment folate levels (greater lowering at lower folate levels). Since mothers who have babies with NTDs have higher homocysteine and lower folate levels than controls 74 (around 15 µmol/l before pregnancy) additional lowering would be seenreductions of 5 µmol/l or 33% may be expected. 58 It should be noted that pregnancy leads to reduced homocysteine 75 and since peri-conceptual folate is believed to be the important factor, pre-pregnancy measures should be evaluated. Given the strength of association between maternal MTHFR genotype and offspring NTD risk (RR = 0.49 for a genotypic difference in homocysteine level of 2.6 mmol/l) a reduction of homocysteine by 5 mmol/l would be predicted to lead to a relative risk for an offspring being born with an NTD of 0.25 (95% CI: 0.14-0.46). The observed effect of folate supplementation on NTD risk in the MRC trial was an RR in the folate supplemented group of 0.28 (95% CI: 0.12-0.71). 76 A similar strength of association was found in a study relating plasma homocysteine levels among women to the risk of having had a child with an NTD. 77 In this case the findings from observational studies, genetic association studies, and an RCT are closely similar. Had the technology been available, the genetic association studies, with the particular influence of maternal versus paternal genotype on NTD risk, would have provided strong evidence of the beneficial effect of folate supplementation before the results of any RCT had been completed. Certainly, the genetic association studies would have provided better evidence than that given by conventional epidemiological studies that had to cope with the problems of accurately assessing diet and also with the considerable confounding of maternal folate intake with a wide variety of lifestyle and socioeconomic factors that may also influence NTD risk. As with MTHFR and CHD the association of genotype with NTD risk does not suggest that genetic screening is indicated-rather it demonstrates that an environmental intervention may benefit the whole population, independently of the genotype of individuals receiving the intervention.
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Methylene tetrahydrofolate reductase and cancers
Before leaving MTHFR it is worth considering studies that have related genotype to cancer risk, since they are represented 78 and discussed 79 in this issue of the IJE, and provide further illustrations of the potentials of the Mendelian randomization approach. However, they also show how the interpretation of such findings is not always obvious, and may provide scope for creatively fitting hypotheses to the data. There are two ways in which MTHFR polymorphisms may influence cancer risk. First, referring to Figure 4 , it can be seen that MTHFR catalyses the conversion of 5,10-tetrahydrofolate to 5-methyl tetrahydrofolate. The substrate is involved in the conversion of deoxyuridylate monophosphate (dUMP) to deoxythymidylate monophosphate (dTMP), and low levels of 5,10-methylene tetrahydrofolate would lead to an increase in the dUMP to dTMP ratio. With a high dUMP/dTMP ratio there is increased incorporation of uracil into DNA, in place of thymine, and this is associated with increased point mutations and DNA/ chromosome breakage. 80 This would be expected to increase cancer risk. The less-active form of MTHFR-the thermolabile variant-will, all other factors being equal, lead to accumulation of 5,10-methylene tetrahydrofolate and thus a lower dUMP/ dTMP ratio, and presumably a lower risk of cancer. This is what has been found with respect to colon cancer 81, 82 and acute lymphocytic leukaemia in both children 83 and adults. 84 When the less-active form of MTHFR was found to be associated with an increased risk of CHD, 66 this was taken to indicate that higher dietary folate should be protective against CHD. Does this mean that finding the less-active form of MTHFR to be protective against cancer indicates that lower folate intake would protect against cancer? Consideration of the metabolic pathways presented in Figure 4 would not support this interpretation. Higher dietary folate intake would lead to higher 5,10-methylene tetrahydrofolate levels and thus a lower dUMP/dTMP GENETIC EPIDEMIOLOGY AND ENVIRONMENTAL DETERMINANTS OF DISEASE 9 Figure 5 Inheritance of MTHFR polymorphism, homocysteine and neural tube defects ratio, which would in turn lead to less incorporation of uracil into DNA and fewer mutations or less DNA/chromosome breakage. Thus depending upon the component of the metabolic pathway which influences disease-homocysteine in the case of CHD, and dUMP/dTMP ratio in the case of cancerthe interpretation relevant to environmental influences from observed genotype-disease associations will differ.
There is a second way in which the MTHFR polymorphism may influence cancer. From Figure 4 it can be seen that s-adenosylmethionine (SAM) levels are also influenced by folate intake. Higher folate intake leads to higher levels of SAM, which is the common methyl donor necessary for the maintenance of the methylation patterns in DNA that influence DNA conformation and gene expression. 85 The thermolabile MTHFR variant leads to lower SAM levels and the altered methylation patterns consequent on lower SAM levels would be expected to increase the risk of some cancers. 85 The exact interpretation of the MTHFR-cancer associations are, therefore, not straightforward, although they suggest that dietary folate may be protective.
Alcohol and coronary heart disease
The possible protective effect of moderate alcohol consumption on CHD risk remains controversial. [86] [87] [88] Are non-drinkers at a higher risk of CHD because health problems (perhaps induced by previous alcohol abuse) dissuade them from drinking? 89 As well as this form of reverse causation, confounding could play a role, with non-drinkers being more likely to display an adverse profile of socioeconomic or other behavioural risk factors for CHD 90 (moderate drinking may be a sign of moderation in all things). Alternatively, alcohol may have a direct biological effect that lessens the risk of CHD-for example by increasing the levels of protective high density lipoprotein (HDL) cholesterol. 91 There is unlikely to be an RCT of alcohol intake that will be able to test the hypothesis of a causal protective effect or CHD events.
Functional polymorphisms of genes related to alcohol metabolism can be utilized to investigate this association, as the distribution of confounders should be little different between groups defined by genotype. Alcohol dehydrogenase (ADH) oxidizes alcohol to acetaldehyde, which is in turn oxidized by aldehyde dehydrogenase (ALDH) to acetate. 92 One of the ADH isoenzymes, ADH3, has two polymorphic forms which produce two different polypeptide enzyme subunits; ADH3*1 produces γ1 and ADH3*2 produces γ2. 93 Allele frequencies in European origin populations are roughly 60% γ1 and 40% γ2 94, 95 and there are differences in the maximal velocity of alcohol oxidation, with γ1γ1 individuals showing a greater than twofold higher rate than γ2γ2 individuals. 89 Thus if there is a biologically protective effect of alcohol on CHD risk then the slow oxidizers may be expected to have a lower risk of disease, since any alcohol they drink may be less rapidly cleared from the system. In fact, this is what a case-control study found, with the risk ratios, compared with the homozygous fast oxidizers (γ1γ1), being 0.90 in the heterozygote γ1γ2 and 0.72 in the homozygous γ2γ2. 92, 95 Adjustment for confounding factors had little influence on this gradient, indicating that potential confounding factors did not differ greatly by genotype. This was also true for alcohol intake, which might have been expected to show an association with genotype, but the lack of a strong association with variants at this polymorphic site is in agreement with other studies. 91 This lack of association with alcohol intake is in distinction to the effect of the variants of ALDH2 that are associated with slow acetaldehyde oxidation, facial flushing and hangovers in response to alcohol consumption, and thus related to reduced alcohol consumption and protection against alcoholism. [96] [97] [98] This latter example demonstrates that polymorphisms can be associated with behavioural factors, and thus these behaviours do need to be assessed in these studies.
In the above case-control study 95 statistical power with respect to CHD was weak, but there was more power to analyse the association between genotype and HDL cholesterol levels. Randomized controlled trials have demonstrated that alcohol intake increases HDL cholesterol in a dose-response fashion 99, 100 and therefore it would be expected that γ1γ1 fast alcohol oxidizers would have lower HDL cholesterol levels than γ2γ2 slow oxidizers (who in a simplistic way could be seen as having a higher level of alcohol exposure at a given intake). This is what was found, and furthermore the effect was confined to people with more than minimal alcohol intakes, again as expected, since without alcohol, the genotype would not be expected to have a biological influence on HDL cholesterol 95 ( Figure 6 ). The magnitude of association between genotype and HDL cholesterol levels can be related to the increase in HDL cholesterol seen in RCTs, and in approximate terms each γ2 allele is the equivalent to 18 g per day alcohol intake (which equals about one pint of beer). Thus, the biological range of effect of these variants is equivalent to a moderate increase in alcohol intake.
More data are required on ADH3, HDL cholesterol, and CHD risk, but the current evidence provides support for direct biological protection of moderate alcohol consumption against CHD. As in the MTHFR and NTD or CHD examples, these findings do not mean that only people with a particular genotype will benefit from an environmental (in these cases dietary) factor, rather the whole population-whatever their genotype-would benefit. The method provides strong evidence-more robust than from conventional observational epidemiological studies-of environmental manipulations that could benefit population health.
Further examples of Mendelian randomization: genotype as an indicator of exposure characteristics and action
Organophosphates and ill-health in farmers
Agricultural workers who have been exposed to sheep dips containing organophosphates attribute a variety of symptoms of poor health to this exposure, 101 but there have been claims that such attribution is false and may reflect secondary gain from compensation or paid early retirement on health grounds. Thus it is difficult to obtain reliable evidence in this area, and RCTs are not feasible. People who become cases in studies of health-related outcomes of organophosphate exposure generally know that the exposure is hypothesized to cause health problems, and it is thus difficult, if not impossible, to conduct unbiased case-control studies.
An enzyme that deactivates a potentially toxic component found in many sheep dips-paraoxonase-has isoforms with different biological activity. If the component of sheep dip that is detoxified by this enzyme does cause symptoms of ill-health, then among people exposed to sheep dip a higher proportion of those reporting symptoms would be expected to be poor detoxifiers. A study designed along these lines found that the genetic variant associated with lower detoxification was related to reporting symptoms of poor health among people exposed to sheep dip. 101 Since it is unlikely that genotype is related to potential confounding factors, to the tendency to report symptoms differentially, or to a desire for compensation or early retirement, these findings provide evidence that there is a causal effect of the sheep dip exposure on health outcomes. As in the earlier examples there is an important caveat-these findings do not support genetic screening and selective employment based on genotype, as some people will suffer toxicity from sheep dip regardless of their paraoxonase status. The findings simply assist in assigning a causal interpretation to the association between sheep dip exposure and symptoms of ill-health.
Metabolic polymorphisms and cancer
Associations between various metabolic polymorphisms and cancer risk have been interpreted as providing evidence for particular environmental determinants of cancer. 102, 103 Examples include an acetylation polymorphism (NAT2) and risk of various forms of cancer. It appears that slow acetylators are at increased risk of bladder cancer, perhaps particularly so if they are exposed to aromatic amines, and here acetylation deactivates the carcinogen. Conversely there is some evidence that rapid acetylators are at increased risk of colon cancer, the interpretation being that acetylation activates heterocyclic amines that are found in burnt meat. In this latter case, the association may provide better evidence on the potential colon cancer risk of burnt meat than do studies attempting to quantify this difficult to measure environmental exposure. 104, 105 However, the studies of NAT2 and colon cancer have produced variable findings, so the basis of this interpretation is not particularly robust. 81 This illustrates that Mendelian randomization is as prone to problems from the non-replication of findings from genetic association studies as are other areas of genetic epidemiology. 106 Mendelian randomization: what does it mean when there is disagreement between conventional observational and genetic studies?
Fibrinogen and coronary heart disease: proving a negative?
The status of plasma fibrinogen as a cardiovascular risk factor remains controversial. [107] [108] [109] In prospective observational studies and case-control studies it is certainly the case that fibrinogen level is predictive of CHD risk, with the latest meta-analysis reporting a RR of 1.8 (95% CI: 1.6-2.0) for the top to the bottom tertile of the fibrinogen distribution. 110 However, existing atherosclerosis increases fibrinogen, generating reverse causation between disease and the apparent risk factor, and also there is substantial confounding, with higher fibrinogen levels being seen in a wide variety of population sub-groups known to have increased CHD risk, for example cigarette smokers, people from less-favourable socioeconomic backgrounds, nondrinkers, and people who engage in less leisure time activity. 111 While RCTs of drugs that reduce blood clotting tendency have demonstrated reduced CHD risk, 112,113 these do not do so purely by reducing fibrinogen level. Indeed the class of drugs which do reduce fibrinogen-the fibrates, which also have a relatively weak cholesterol-lowering effect-have not been associated with reduced CHD and peripheral vascular disease risk. 114, 115 Thus it is unclear whether fibrinogen is a causal factor for CHD, or merely a bystander, which serves as a marker of both disease state and other causal factors.
Several authors explicitly suggested that polymorphisms related to differences in fibrinogen levels could be utilized in a 'Mendelian randomization' fashion to examine whether fibrinogen is an aetiological factor with respect to CHD, [107] [108] [109] however, these studies were too small to provide firm evidence on this point. Recently a large case-control study has examined this issue. A polymorphism in the β-fibrinogen gene was associated with fibrinogen levels among the controls 11 with fibrinogen levels of 3.10 g/l in G/G individuals, 3.22 g/l in A/G individuals, and 3.36 g/l in A/A individuals. For each A allele there was an increase of 0.12 g/l in fibrinogen. In this casecontrol study, fibrinogen was related to CHD risk in the usual fashion, with 0.12 g/l higher fibrinogen being associated with GENETIC EPIDEMIOLOGY AND ENVIRONMENTAL DETERMINANTS OF DISEASE 11 Figure 6 Associations between polymorphisms of the alcohol dehydrogenase (ADH) enzyme (γ1γ1 are fast alcohol metabolizers and γ2γ2 are slow metabolizers) and high density lipoprotein levels in men (A) and women (B), stratified by alcohol consumption. 95 Reprinted with permission a RR of CHD of 1.20 (95% CI: 1.13-1.26). Note that 0.12 g/l higher fibrinogen is also the per allele difference in fibrinogen seen according to genotype. It would therefore be predicted that there should be a per allele effect on CHD, with a RR of approximately 1.20. However, when genotype was related to CHD risk, essentially no relationship was seen, with a per allele RR of 1.03 (95% CI: 0.96-1.10).
In this case-control study, therefore, individuals with a genotype that would have subjected them to long-term elevated fibrinogen levels did not experience any increased risk of CHD. This suggests that circulating fibrinogen may not be a causal factor with respect to CHD, despite being associated with CHD risk in observational studies. Confounding may explain why conventional observational epidemiological studies consistently find a positive association between fibrinogen and risk of CHD: in one study 107 plasma fibrinogen was strongly associated with the usual confounding factors, but the genotype associated with higher plasma fibrinogen was not related to these confounding factors. These data also illustrate the basic principle of Mendelian randomization, that genotype-disease associations can provide an unconfounded test of the association between a particular phenotype and disease.
Apolipoprotein E and coronary heart disease: getting the wrong answer?
Lowering circulating cholesterol levels pharmacologically reduces the risk of CHD by a substantial degree. 116 Indeed, the effects seen in cholesterol lowering trials are as would be predicted from the increased CHD risk among individuals who are heterozygous for the familial hypercholestrolaemia mutation, 117 which provided a form of Mendelian randomization of cholesterol before the definitive RCTs appeared (Box 5). The relatively extreme nature of this mutation-pushing cholesterol levels outside their usual range-meant that it was difficult to extrapolate to people in the normal range of circulating cholesterol levels within a population, however.
A functional polymorphism-that of the apolipoprotein E gene (APOE)-generates differences in circulating cholesterol levels that are much smaller than seen with familial hypercholestrolaemia, and do not generally displace people from the population distribution of cholesterol. 118 The gene is polymorphic with three common alleles, ε2, ε3 and ε4, which produce three isoforms of the protein product, E2, E3 and E4. The commonest allele is ε3 (with allele frequencies ranging from around twothirds to around 85%), while ε2 is the rarest (allele frequencies ranging from 3 to 13%). Thus some combinations are rare, but ε2/ε3, ε3/ε3, and ε3/ε4 genotypes constitute well over 80% of individuals within a population. Genotype is related to both low density lipoprotein (LDL) cholesterol (which is positively associated with CHD risk) and HDL cholesterol, 119 which is protective against CHD. In the same large case-control study discussed above in relation to fibrinogen-related polymorphisms, the APOE genotype was studied. 120 High density lipoprotein cholesterol is mainly carried with apolipoprotein A-I (Apo A-I), and LDL cholesterol with apolipoprotein B (Apo B). The findings of the study are presented in Table 2 . APOE genotype was associated with Apo A-I and Apo B, and also with myocardial infarction (MI) risk. Measures of Apo A-I and Apo B were also associated with MI risk in the case-control study, and with each 0.022 g/l lower Apo A-I and 0.077 g/l higher Apo B the RR of MI was 1.54 (95% CI: 1.43-1.66). Note that this effect is for the equivalent differences in Apo A-I and Apo B that are seen per allele (Table 2 ), yet the effect on MI is considerably larger than the per allele influence of genotype on MI for which RR = 1.11 (95% CI: 1.06-1.17); test between relative risks P Ͻ 0.0001.
While total cholesterol and HDL cholesterol levels according to genotype were not reported in this study, they are known to be strongly associated with APOE genotype. 119, 121 Why, then, does the per allele influence on apolipoproteins predict a much greater difference in MI risk than is shown by the direct association between genotype and MI risk? There are various possible answers. First, it could be that the direct apolipoprotein-MI risk Box 5 Familial hypercholesterolaemia and coronary heart disease (CHD): would Mendelian randomization have generated the right answer?
Familial hypercholesterolaemia is a Mendelian dominant condition in which many rare mutations of the low density lipoprotein receptor gene, with an overall prevalence of around 0.2%, lead to very high circulating cholesterol levels. In a UK study the average total cholesterol level at registration was around 9.0 mmol/l amongst people heterozygous for this condition. 117 The relative risk (RR) of CHD mortality amongst these people was around 3.9 compared with the general population of the UK, for whom the average total cholesterol levels were around 6.0 mmol/l. Among people without coronary heart disease, reducing total cholesterol levels with statin drugs by around 1 to 1.5 mmol/l reduces CHD mortality by around 25% over 5 years, with the magnitude of the mortality reduction increasing over time from randomization. [170] [171] [172] Assuming a linear relationship between blood cholesterol and CHD risk and given the difference in cholesterol of 3.0 mmol/l between people with familial hypercholesterolaemia and the general population, the randomized controlled trial evidence on lowering total cholesterol and reducing CHD mortality would predict a relative risk for CHD of around 2, as opposed to 3.9, for people with familial hypercholesterolaemia. However the trials also demonstrate that the magnitude of the reduction in CHD mortality increases over time, as would be expected for a disease like CHD where elevated levels of cholesterol over time influence the development of atherosclerosis. For people with familial hypercholesterolaemia their circulating total cholesterol levels will have been high throughout their lives and therefore would be expected to generate a greater risk than would be predicted for the results of lowering cholesterol levels for only 5 years. Mendelian randomization is one method for assessing the effects of long-term differences in exposures on disease risk, free from the diluting problems of both measurement error and of only having shortterm assessment of risk factor levels. This approach may provide an indication that cholesterol-lowering efforts should be lifelong rather than limited to the period for which RCT evidence with respect to CHD outcomes is available. association is distorted by reverse causation (disease leading to changes in apolipoproteins), or by confounding, leading to a greater effect estimate than the true causal estimate. There is some suggestion that this may be the case in that the observational association between apolipoproteins and MI risk in this case-control study is greater than that predicted from a large RCT 122 of the effect of simvastatin on apolipoproteins and MI risk. However, the trial only influenced apolipoprotein levels for 5 years, and the effect of lifetime differences in apolipoprotein levels, as generated by APOE polymorphisms, would be expected to be greater. Second, the APOE polymorphisms relate to more than differences in apolipoproteins and circulating total and HDL cholesterol. 123, 124 The ε2 variant is associated with less-efficient transfer of very low density lipoproteins and chylomicrons from the blood to the liver, greater postprandial lipaemia, and an increased risk of type III hyperlipoproteinameia. These differences go alongside the lower LDL and higher HDL cholesterol levels and may counter the predicted beneficial effect of these on CHD risk. Thus, a meta-analysis of observational studies relating APOE to CHD risk found no reduced risk amongst carriers of ε2, 125 in line with the small difference in risk seen in the casecontrol study discussed above. Thus it is important to appreciate that other effects of a polymorphism than the one under investigation may influence the association with disease risk, thereby not allowing a direct comparison of intermediate phenotype and genotype associations with disease. The future potential of Mendelian randomization will depend upon the elucidation of functional polymorphisms that mirror environmental exposures of interest. Progress in this area is fastand can conveniently be monitored through use of the Online version of Mendelian Inheritance in Man, 126 the Human Gene Mutation Database 127 and the Human Genome Variation Database. 128 Consider one of our examples of the apparent failure of observational epidemiology at the beginning of this paper: vitamin C intake and CHD risk (Figure 1 ). Could this have been studied utilizing the principles of Mendelian randomization? Certainly, polymorphisms exist that are related to lower circulating vitamin C levels-for example, the haptoglobin polymorphism 129, 130 -but in this case the effect on vitamin C is at some distance from the polymorphic protein and, as in the apolipoprotein E example, the other phenotypic differences could have an influence on CHD risk that would distort examination of the influence of vitamin C levels through relating genotype to disease. Even so, investigating this polymorphism could provide some further evidence on vitamin C and CHD, but the studies so far relating the haptoglobin polymorphism to CHD risk have been of too limited size to be informative. [130] [131] [132] Where there exists a range of polymorphic loci that influence an intermediate phenotype-as they do for vitamin C levels 126 -then similar quantitative findings for the influence of the potential intermediate phenotype (vitamin C levels) on CHD risk from relating the different loci to disease outcomes would provide greater confidence in interpreting the associations. Confounding by other effects of the different polymorphic loci influencing vitamin C levels would be unlikely to act in the same direction and have the same distorting effect on the intermediate phenotype-disease association.
Potentials and limitations of Mendelian randomization
There are, however, a number of important limitations to Mendelian randomization that need to be considered before a balanced view of the potential value of the approach can be reached. These can be considered under various headings.
Failure to establish reliable genotype-intermediate phenotype or genotype-disease associations
If the associations between genotype and a potential intermediate phenotype, or between genotype and disease outcome, are not reliably estimated, then interpreting these associations in terms of their implications for potential environmental causes of disease will clearly be inappropriate. This is not an issue particular to Mendelian randomization, rather the non-replicable nature of perhaps most apparent findings in genetic association studies is a serious limitation to the whole enterprise. In Table 3 we summarize possible reasons for the non-replication of findings. 106, 133 Population stratification-i.e. confounding of genotype-disease associations by factors related to subpopulation group membership within the overall population in a studyis unlikely to be a major problem in most situations. [134] [135] [136] Genotyping errors can of course lead to failures of replication of GENETIC EPIDEMIOLOGY AND ENVIRONMENTAL DETERMINANTS OF DISEASE 13 The relative risks for MI by the three genotypes are floating absolute risks, and therefore 95% CI are given around all categories, including the baseline referent category. 11 the report of a lack of association between genotype and CHD risk could be claimed to reflect genotyping errors (and thus not to be taken to mitigate against a causal role for fibrinogen). However, since within this study the investigators also demonstrated that their genotyping data did predict plasma fibrinogen levels to the same degree as in other studies, this interpretation is not tenable. Regarding failure to replicate in genetic epidemiology, true variation between studies is clearly possible-for example, people heterozygous for familial hypercholesterolaemia only seem to experience increased mortality in populations with high dietary fat intakes and the presence of other CHD risk factors. 137, 138 Nevertheless, the major factor for non-replication is probably inadequate statistical power (generally reflecting limited sample size), coupled with publication bias. 106 Interestingly, Gregor Mendel appreciated the need for adequate sample size when he carried out his experiments on pea crosses, stating that 'with a small number of plants … very considerable fluctuations may occur' and that the 'true ratio of the numbers can only be ascertained by an average deduced from the sum of as many single values as possible; the greater the number the more are merely chance effects eliminated'. 44 It has been suggested that Mendel adopted the strategy of fabricating some (or even all) of his data to solve the problem, although there are several possible reasons for his 'too good to be true' findings (Box 6).
In the case of quantitative approaches to Mendelian randomization, sample size calculations need to consider the magnitude of the predicted effect of the intermediate phenotype on disease outcome. This often leads to very large studies being requiredfor example, in the case of MTHFR variants and CHD risk the magnitude of the MTHFR variant-homocysteine and homocysteine-CHD associations discussed earlier would mean that around 9500 CHD cases and 9500 controls are required to establish the predicted effect, with a power of 80% at the P = 0.05 level. 66 Failure to recognize the sample sizes required to detect plausible or predicted effects of genotype on disease can lead to studies being uninformative. For example, in a report of a case-control study provocatively entitled 'Elevated plasma fibrinogen. Cause or consequence of cardiovascular disease?', 108 the RR of CHD for a 1 g rise in fibrinogen level was 1.45 (95% CI: 1.12-1.88), while the association between genotype and CHD risk was essentially null (RR = 1.08, 95% CI: 0.71-1.65 for GA and AA genotypes compared with GG genotype). As with the large case-control study of this issue discussed above, 11 the authors interpreted these results as indicating that fibrinogen was not a cause of CHD. However, given the strength of the association between genotype and fibrinogen, with GA plus AA individuals having 0.17 g/l higher fibrinogen than GG individuals, the predicted risk according to genotype, given the observational association between fibrinogen and CHD, would be 1.07 (95% CI: 1.01-1.11). This is clearly not different from the estimated RRindeed the point estimates are remarkably close, although there is a very wide confidence interval around the RR for genotype. Thus the authors' claim that their study suggests that fibrinogen is not causally related to the risk of CHD is not supported by evidence from their own study. The much larger case-control study discussed above 11 was required to demonstrate this.
The small genotype-associated RR predicted by knowledge of intermediate phenotype in the case of MTHFR and β-fibrinogen mean that very large studies are required; in other cases it may be that even smaller RRs would be expected. If polymorphisms at more than one locus influence an intermediate phenotype then it may be possible to explore combinations of polymorphisms at different loci that produce differences in intermediate phenotype that are substantial enough to generate detectable effects on disease outcome. If the loci are not in linkage disequilibrium and thus segregate independently this could be termed 'factorial Mendelian randomization', with interest being in the groups in which the combination of polymorphisms produce the most extreme difference in intermediate phenotype. Alternatively haplotypes that produce the most extreme phenotypic differences could be studied. It should be remembered that with variants at multiple loci contributing to phenotypic differences there is greater likelihood of confounding or pleiotropic effects, as we discuss below.
The problems in establishing reliable genotype-disease associations are, of course, a general issue in genetic epidemiology. Recently, Tabor and colleagues have emphasized the advantages of candidate-gene approaches in which plausible links between the functional effects of candidate polymorphisms and disease outcomes exist. 139 Such studies are less likely to produce
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Box 6 Were Mendel's results too good to be true?
Mendel's 'Experiments in Plant Hybridisation', 44 formed the basis of quantitative genetics on their re-discovery in the early part of the 20th century. The detailed results of the experiments, animated in an accessible way on the website http://www. mendel-museum.org, were, however, possibly too good to be true, as has long been discussed. 173, 174 Various possibilities have been given as to why the ratios reported by Mendel are closer to the theoretical ratios than would be expected by chance. The range of explanations runs from the suggestion that Mendel did not actually carry out the experiments and simply made up the results; that Mendel falsified some, but not all, of his data; that an assistant of Mendel who was collecting and tabulating the results knew of Mendel's expectations and manipulated the data to fit these; or that Mendel simply had good luck. 175 A further possibility is that the data were being constantly updated-not all the products of his cross-breeding experiment were assessed and tabulated-and that Mendel stopped carrying on classifying data when chance fluctuation had led his results to be very close to expectation. This is similar to potential problems in RCTs whereby trialists look at updated outcomes and the trials that are stopped at a time when the results are, by chance, particularly favourable. false-positive findings than are investigations relating nonfunctional genetic variants to disease risk. Since the relative frequency of different forms of polymorphisms decreases with increasing potential functional effect 140 rigid adoption of this approach would limit the number of associations that are statistically examined, and thus reduce the proportion of falsepositive reports. 106 Mendelian randomization clearly depends upon studying genetic variants that have a defined biological effect, and therefore the relevant studies fit within this model. Tabor and colleagues extend their reasoning on candidate-gene association studies to suggest that researchers should carry out initial sequencing work on the functional regions of a gene to identify new SNP, then determine the population frequency of these SNP and their functional relevance, before performing the epidemiological analyses. The need for epidemiologists to work closely and collaboratively with laboratory scientists to take forward Mendelian randomization is made clear in this exposition.
Confounding of genotype-intermediate phenotype-disease associations
The power of Mendelian randomization lies in its ability to avoid the often substantial confounding seen in conventional observational epidemiology. However, confounding can occur in several ways that need to be considered. First, it is possible that the locus under study is in linkage disequilibrium-i.e. is associated-with another polymorphic locus, with the effect of the polymorphism under investigation being confounded by the influence of the other polymorphism. It may seem unlikelygiven the relatively short distances over which linkage disequilibrium is seen in the human genome-that a polymorphism influencing, say, CHD risk would be associated with another polymorphism influencing CHD risk (and thus producing confounding). There are, nevertheless, cases of different genes influencing the same metabolic pathway being in physical proximity. For example, different polymorphisms influencing alcohol metabolism appear to be in linkage disequilibrium. 141 Furthermore, given the pleiotropic effect of perhaps most genes and the multiple polymorphisms that can exist within a single gene, such confounding may not be uncommon. However in cases where the intermediate phenotype is measured-such as the β-fibrinogen example-this explanation is not applicable, as the effect of any linked polymorphism on fibrinogen levels would be directly observed.
Confounding by behavioural factors is possible if the loci under study influence the behaviour either directly (through modifying response to, and thus consumption of, tobacco or alcohol, for example) or indirectly (through effects on schooling, learning and social trajectory, for example). The identified genetic contributions to behaviours such as smoking and drinking alcohol render such confounding possible either through a polymorphism under study being in linkage disequilibrium with a polymorphism influencing these behaviours, or through an influence on these behaviours being a pleiotropic effect of the polymorphism under study.
As well as contributing to potential confounding, such influences also provide a potential way of studying the effects of health related behaviours. For example ALDH2 97, 98 has a strong influence on alcohol consumption, through its effect on flushing and hangovers following drinking. Alcohol consumption would, then, confound associations between ALDH2 and disease outcomes (or, alternatively, alcohol consumption could be seen to be on the pathway between ALDH2 and outcome). These associations provide a further investigative opportunity: since groups defined by this genotype have large differences in alcohol consumption patterns, the health effects of alcohol can be examined by studying the health differences between these groups.
The influence of genetic variants may not have straightforward interpretations with respect to the direct causal factor, however. For example, the ALDH2 variant associated with slow oxidation of acetaldehyde, facial flushing, headaches, and much lower alcohol consumption is also associated with lower weight and adiposity in Japanese men (but not women). 98 This is presumably because alcohol constitutes a substantial proportion of total calorie intake among men, thus the virtual non-drinkers who are homozygous for slow acetaldehyde oxidation have lower calorie intake. When relating ALDH2 to disease outcomes the associations could reflect either differences in alcohol consumption or differences in obesity, both of which could have causal effects on disease outcomes such as CHD or cancer. In such situations Mendelian randomization is clearly limited in determining the proximal causal factor, although it may be possible to look in groups (such as Japanese women) for whom genotype is less strongly or not associated with adiposity to untangle these effects. It is clear, however, that in order to be able to interpret the findings of these studies potential intermediate or confounding factors need to be measured to elucidate the understanding of aetiological pathways. Therefore, where possible, when studying disease associations with a particular polymorphism a wide range of phenotypic and genotypic potential confounders should be assessed to explore the possible contribution of confounding. In the case of MTHFR and β-fibrinogen we show above that confounding by conventional risk factors of genotype-disease associations is non-existent or negligible compared with the magnitude of confounding of associations between plasma homocysteine or fibrinogen and disease. Thus while the full potential of studies following the principles of Mendelian randomization is not yet well delineated, it is likely that they will suffer from substantially less confounding than do conventional observational epidemiological studies of environmental exposures and disease.
Pleiotropy and the multi-function of genes
Mendelian randomization is most useful when it can be used to relate a single intermediate phenotype to a disease outcome. However, polymorphisms may (and probably will) influence more that one intermediate phenotype, as we saw with the MTHFR, APOE, and ALDH2 examples. This can be the case either through multiple effects mediated by their immediate protein coding or gene expression, or (probably less importantly) through alternative splicing, where one polymorphic region contributes to alternative forms of more than one protein. 142 The most robust interpretations will be possible when the functional polymorphism appears to directly influence the level of the intermediate phenotype of interest (as in the β-fibrinogen example), but such examples are probably going to be less common in Mendelian randomization than cases where the polymorphism can influence several systems, with different potential interpretations of how the effect on outcome is generated (as we discussed with respect to the MTHFR and APOE examples earlier).
Canalization and developmental stability
The previous problems for Mendelian randomization can be examined through measuring potential confounding factors, although in the case of pleiotropy this may be difficult as the other systems that are being influenced may not be well characterized. A greater problem arises from the developmental compensation that may occur through a polymorphic genotype being expressed during fetal development, and thus influencing development in such a way as to buffer against the effect of the polymorphism. Such compensatory processes have been discussed since C.H. Waddington introduced the notion of canalization in the 1940s. 143 Canalization refers to the buffering of the effects of either environmental or genetic forces attempting to perturb development, and Waddingtion's ideas have been well developed both empirically and theoretically. [144] [145] [146] [147] [148] [149] [150] Such buffering can be achieved either through genetic redundancy (more than one gene having the same or similar function) or through alternative metabolic routes, where the complexity of metabolic pathways allows recruitment of different pathways to reach the same phenotypic endpoint. In effect a functional polymorphism expressed during fetal development or post-natal growth may influence the expression of a wide range of other genes, leading to changes that may compensate for the influence of the polymorphism. Put crudely, if a person has developed and grown from the intra-uterine period onwards within an environment in which one factor is perturbed (e.g. there is elevated fibrinogen due to genotype) then they may be rendered resistant to the influence of lifelong elevated circulating fibrinogen, through permanent changes in tissue structure and function that counterbalance its effects. In intervention trialsfor example, RCTs of folate supplementation-the intervention is generally randomized to participants during their middle-age; similarly in observational studies of this issue, folate intake or plasma homocysteine levels are ascertained during adulthood. In Mendelian randomization, on the other hand, randomization occurs before birth. This leads to important caveats when attempting to relate the findings of conventional observational epidemiological studies to the findings of studies carried out within the Mendelian randomization paradigm.
The most dramatic demonstrations of developmental compensation come from knockout studies-where a functioning gene is essentially removed from an organism. The overall phenotypic effects of such knockouts have often been much lower than knowledge of the function of the genes would predict, even in the absence of others genes carrying out the same function as the knock-out gene. [151] [152] [153] [154] For example, pharmacological inhibition demonstrates that myoglobin is essential to maintain energy balance and contractile function in the myocardium of mice, yet disrupting the myoglobin gene resulted in mice devoid of myoglobin with no disruption of cardiac function. 155 A second example relates to the substantial experimental and epidemiological evidence that prostaglandins formed via cyclooxygenase 1 (COX-1) pathways maintain stomach function and that drugs (such as NSAIDS) that inhibit COX-1 produce stomach ulceration. 156, 157 A 'Mendelian randomization' test of this observation would be to relate genetic inhibition of COX-1 to stomach ulceration-with the prediction being that an association would be found. The most dramatic genetic inhibition of COX-1 is its absence, in a knockout preparation. Yet mice with such a knockout do not develop ulcers. 158, 159 The interpretation of findings from knockout studies is complex, [152] [153] [154] however, as is illustrated in the latter case by the fact that recent studies have suggested that COX-1 inhibition without COX-2 inhibition only produces ulcers in the presence of an environmental challenge. 160, 161 In the field of animal genetic engineering studies-such as knockout preparations or transgenic animals manipulated so as to over-express foreign DNA-the interpretive problem created by developmental compensation is well recognized. [151] [152] [153] [154] Conditional preparations-in which the level of transgene expression can be induced or suppressed through the application of external agents-are now being utilized to investigate the influence of such altered gene expression after the developmental stages during which compensation can occur. 152 Thus, further evidence on the issue of genetic buffering should emerge to inform interpretations of both animal and human studies.
Most examples of developmental compensation relate to dramatic genetic or environmental insults, thus it is unclear whether the generally small phenotypic differences induced by common functional polymorphisms will be sufficient to induce compensatory responses. The fact that the large gene-environment interactions that have been observed often relate to novel exposures that have not been present during the evolution of a species (e.g. drug interactions) 162 may indicate that homogenization of response to exposures that are widely experiencedas would be the case with the products of functional polymorphisms or common mutations-has occurred; canalizing mechanisms may be paticularly relevant in these cases. Only further work on the basic mechanisms of developmental stability and how this relates to relatively small exposure differences during development will allow these considerations to be taken forward. This leaves Mendelian randomization in the somewhat unsatisfactory position of facing a potential problem that cannot currently be adequately assessed.
Lack of suitable polymorphisms for studying modifiable exposure of interest
An obvious limitation of Mendelian randomization is that it can only examine areas for which there are functional polymorphisms (or markers linked to such functional polymorphisms) that are relevant to the modifiable exposure of interest. In the context of genetic association studies more generally it has been pointed out that in many cases even if a locus is involved in a diseaserelated metabolic process there may be no suitable marker or functional polymorphism to allow study of this process. 163 For example, in the vitamin C and CHD association referred to earlier, SLC23A1-a gene encoding for the vitamin C transporter SVCT1, that is particularly responsible for vitamin C transport by intestinal cells-would be an attractive candidate for Mendelian randomization studies. However, a search for variants failed to find any common SNP that could be used in such a way. 164 Clearly what is possible will depend on further empirical evidence regarding the density of markers and functional polymorphisms within the human genome.
Gene-environment interaction and Mendelian randomization
Mendelian randomization is one way in which genetic epidemiology can inform understanding about environmental determinants of disease. A more conventional approach has been to study interactions between environmental exposures and genotype. 165, 166 Several issues arise in this regard.
The most reliable findings in genetic association studies relate to the main effects of polymorphisms on disease risk. 12 The power to detect meaningful gene-environment interaction is low, 162 with the result being that there are a large number of reports of spurious gene-environment interactions in the medical literature. 106 Mendelian randomization is most powerful when studying modifiable exposures that are measured poorly and/or considerably confounded, such as dietary factors. Given measurement error-particularly if this is differential with respect to other factors influencing disease risk-interactions are both difficult to detect and often misleading when, apparently, they are found. Thus for essentially universal exposures (such as blood folate levels or dietary folate intake) detecting the main effect of a genotype which mimics the influence of this exposure (such as MTHFR) is more reliable than attempting to detect the particular influence of genotype in essentially arbitrarily defined population subgroups, where there is considerable scope for creative thinking with regard to the hypothesis under test (for example, plausible reasons could be given for assuming that the association between MTHFR and CHD should be seen amongst either people with low folate intake, or people with high folate intake). In the case of NAT2 polymorphisms and colon cancer claims have been made that, despite the lack of an overall effect in many studies, rapid acetylators are at increased risk if they consume red meat, 167 processed meat, 168 fried meat 169 and various other meat products. Clearly a large number of sub-group analyses could be carried out in this case, and the lack of a main effect, while differing sub-groups apparently show an effect within different studies, does not provide very robust evidence of a real biological interaction. Since a large proportion of the population within the countries in which these studies have been carried out consume the meat products that have, variously, been shown to interact with NAT2 genotype, an overall effect should be seen in these populations.
The situation is perhaps different with exposures which differ qualitatively rather than quantitatively between individuals. For example it is sensible to restrict examination of the influence of polymorphisms relating to organophosphate deactivation just amongst those who are occupationally exposed, as in the sheep dip example we discussed earlier. 101 Similarly examining the effect of a polymorphism relating to alcohol metabolism can sensibly be carried out amongst people who drink some alcohol. 95 
Conclusions
Mendelian randomization provides a promising means of examining the effects of modifiable exposures on disease risk. In Box 7 we summarise the key issues regarding this methodology. Interestingly Mendelian randomization within epidemiology reflects similar thinking among transgenic animal researchers. Williams and Wagner consider that 'A properly designed transgenic experiment can be a thing of exquisite beauty in that the results support absolutely unambiguous conclusions regarding the function of a given gene or protein within the authentic biological context of an intact animal. A transgenic experiment may provide the most rigorous test possible of a mechanistic hypothesis that was generated by previous observational studies. A successful transgenic experiment can cut through layers of uncertainty that cloud the interpretation of the results produced by other experimental designs.' 154 The problems of interpreting some aspects of transgenic animal studies may also apply to Mendelian randomization within genetic epidemiology, however, and linked progress across the fields of genomics, animal experimentation and epidemiology will better define the scope of Mendelian randomization in future. For the present, however, it is probably fair to say that the method offers a more robust approach to understanding the effect of some modifiable exposures on health outcomes than does much conventional observational epidemiology. Where possible randomized controlled trials remain the final arbiter of the effects of interventions intended to influence health, however.
GENETIC EPIDEMIOLOGY AND ENVIRONMENTAL DETERMINANTS OF DISEASE 17 Box 7 Summary and key messages
Genetic association studies with functional polymorphisms can provide powerful evidence on mechanisms of disease and potential interventions Such studies are considerably less prone to confounding than conventional risk-factor epidemiology Liability to bias-in particular publication bias-is high; perhaps higher than in conventional risk factor epidemiology Effect sizes are likely to be small; sample sizes need to be very large
The value of such studies is higher the better the functional consequences of the polymorphisms are characterized Polymorphism-disease associations with relatively small phenotypic influence provide more information of mechanistic/ intervention import than catastrophic rare mutations Pleiotrophy and linkage disequilibrium can produce confounding, thus a full investigation of potential confounding should be carried out in such studies Suitable polymorphisms to study particular exposures may not be available Morphogenic stability/developmental adaptation/canalization create important caveats to the interpretation of such studies; this has been under-appreciated in some presentations of Mendelian randomization
